The genetic structure of Pseudomonas corrugata populations was investigated in bulk soil to evaluate the impact of crop management on the intraspecific diversity of this bacterium stimulated in plant rhizosphere. As these bacteria are rare in bulk soil, an immunotrapping assay was developed to isolate them from soils located in Grignon (France), where adjacent plots with similar soil features were cultivated under maize/wheat crop rotation or continuous wheat cropping. Genomic fingerprinting of 291 isolates was performed using repetitive sequencebased polymerase chain reaction (ERIC-PCR). Most of these isolates (236 out of 291) were assigned to P. corrugata on the basis of an amplified ribosomal DNA restriction analysis (ARDRA) with 12 restriction enzymes. Data were analyzed by Pearson's chi-squared tests and genetic diversity was evaluated with specific indices for richness and evenness. Comparison of richness or evenness diversity indices (global diversity) showed no significant difference, whereas ERIC-PCR fingerprinting data (intraspecific diversity) showed that the genetic structure of P. corrugata was significantly affected by crop management. ß
Introduction
Species diversity of soilborne bacteria can be modulated by sudden or progressive environmental changes and the genetic structure of a microbial population in a soil can be related to the history of the soil management. Some genotypes are stimulated in the rhizosphere of certain crops [1, 2] owing to their ability to metabolize root exudates and compete for attachment/adhesion and further colonization on the root surface. This e¡ect can be accentuated in longstanding crop monocultures and alongside the stimulated genotypes, others can be strongly reduced or even disappear. An objective of studies on intraspeci¢c diversity within a targeted bacterial population is to help to screen the genotypes best adapted to particular environmental stresses or ecological habitats.
In bacterial ecology, the e¡ects of various factors on the genetic structure at an intraspeci¢c level are readily seen in bacterial species in which a high genetic diversity is tolerated. Two strains are considered to belong to the same species when they share at least 70% of the total genomic DNA homology [3] . In the remaining heterogeneity (up to 30%), the accurate description of intraspeci¢c diversity is therefore essential for the evaluation of the impact of selective pressures on bacterial diversity. The development of genomic ¢ngerprinting methods using techniques based on the polymerase chain reaction (PCR), such as random ampli¢ed polymorphic DNA [4, 5] , rep-PCR [6^8] and am-pli¢cation fragment length polymorphism [9] , has facilitated the comparison of large numbers of isolates within a species. We report a comparison of the genetic structure of populations of a bacterial species, the soil bacterium Pseudomonas corrugata, to evaluate the impact of crop management on its intraspeci¢c diversity.
P. corrugata has been isolated from soil [10] , tomato pith necrosis [11] and symptomless plants such as alfalfa [12] and has also been described as a biocontrol agent in take-all disease of wheat [13] . The taxonomic position of this species is well established [14] .
Although the isolation of this species is much easier in the plant rhizosphere, it is now well known that the bacterial diversity in the plant rhizosphere or mycorhizosphere is lower than in bulk soil [1,15^17] . The study described here was conducted as part of a wider program involving several research groups using the same biological sample (same soils) with the overall objective of evaluating the impact of crop management (continuous wheat cropping vs. maize/wheat crop rotation) on the intraspeci¢c genetic structure of some microbial populations in the diversity reservoir present in the bulk soil, e.g. Pseudomonas £uorescens, Rhizobium leguminosarum, Sinorhizobium meliloti, Paenibacillus polymyxa, Fusarium oxysporum and P. corrugata.
We describe here the genetic structure of populations of P. corrugata in the bulk soil. An immunotrapping assay was used to isolate strains from two sites under crop rotation (maize/wheat) and under continuous wheat cropping for the previous 23 years. Genomic ¢ngerprinting was carried out using repetitive sequence-based PCR (ERIC-PCR) and isolates were assigned to P. corrugata using ampli¢ed ribosomal DNA restriction analysis (AR-DRA).
Materials and methods

Soil sampling
Soil samples were collected at the experimental farm of the Institut National de la Recherche Agronomique at Grignon (France). This soil is a typical eutrochrept (soil taxonomy) or calcic cambisol (FAO-UNESCO classi¢cation) [18] . Six adjacent randomized plots (142 m 2 each) with similar soil characteristics were used in this work [18] . Three plots were under 23-year-old maize/wheat crop rotation (treatment A, samples AI, AII and AIII), the last crop before sampling being wheat (soil pH 7.90 þ 0.05), and three were under 23-year-old continuous wheat cropping (treatment C, samples CI, CII and CIII) (soil pH 7.80 þ 0.05). Bulk soil samples were taken from non-cultivated plots. Six samples corresponding to the six plots (three in A and three in C) were analyzed for P. corrugata intraspeci¢c diversity. Eight 100-mg (80 mg dry soil) replicates from each sample were resuspended in 2 ml sterile distilled water, making altogether 48 sub-samples.
Immunotrapping assay
A rabbit polyclonal antiserum raised against strain CFBP 11702 of Pseudomonas brassicacearum [19] (CFBP collection, Angers, France) was prepared by A. Dorier (Valbex, Villeurbanne, France). Cross-reactions of reference strains of P. corrugata and some related species of Pseudomonas with this antiserum were evidenced using antigen-coated plate-enzyme-linked immunosorbent assay (ACP-ELISA) [20] . Microtiter plates (Nunc, Maxisorp F96) were prepared according to Mavingui et al. [21] . The 96 wells were coated with diluted antiserum (10 33 ) in sodium carbonate bu¡er (0.1 M, pH 9.5), incubated overnight at 4³C and then washed twice with phosphate-bu¡ered saline (PBS) (pH 7.2). Microplates were incubated at 37³C for 1 h with PBS, Tween 20 (0.05%) and BSA (1%). They were washed twice with PBS and 100 Wl of soil suspension was added per well (4 mg dry soil per well). For each soil sample, 12 replicates of each sub-sample (8 sub-samples/sample) were distributed in one 96-well microplate (six microplates in all). After 3 h incubation at 30³C, the microplates were washed, 100 Wl Luria broth [22] was added per well and the plates were incubated at 30³C for 5 h with agitation.
Isolation of bacteria
To increase the e¤ciency of P. corrugata isolation, a semi-selective medium derived from that of Gould et al. [23] was prepared. This modi¢ed medium (RCS) contained a mineral solution RCV [24] supplemented with casamino acids (5 g l 31 ), sodium-lauroyl sarcosinate (1.2 g l 31 ), sucrose (20 g l 31 ) and agar (15 g l 31 ). Ten Wl of each well was plated on RCS medium and one colony per well was taken and puri¢ed on 10-fold-diluted tryptic soy agar medium (TSA, Difco). One colony of each isolate was suspended in 1 ml of sterilized water and stored at 320³C until used for genotypic analysis.
Genomic ¢ngerprinting using ERIC-PCR
Cell lysis was carried out by heating 10 Wl of the bacterial suspension at 95³C for 15 min in the PCR reaction bu¡er and then adding the enzyme. Ampli¢cation reactions were performed in 2.5 Wl Goldstar bu¡er (Eurogentec, Seraing, Belgium) containing 1.5 mM MgCl 2 , 10% DMSO, 50 pmol of each of the two ERIC primers [25] and 1.25 mM deoxynucleoside triphosphate, 10 Wl of cell suspension and, after cell lysis, 1 U of Goldstar polymerase (Eurogentec) was added.
The thermal pro¢le used subsequently was as follows : 30 cycles consisting of denaturing at 94³C for 1 min, annealing at 52³C for 1 min and extension at 65³C for 8 min and then a ¢nal extension at 65³C for 16 min using a Hybaid thermocycler.
ARDRA of rrs gene
Ten Wl of bacterial suspension (see above) was used for PCR ampli¢cation using a pair of universal primers, fD1 and rD1 [26] , corresponding to positions 8^27 and 15241 540 on the Escherichia coli rrs gene sequence. The ampli¢ed rrs genes were digested with 12 restriction endonucleases (AluI, TaqI, CfoI, DdeI, HinfI, HaeIII, RsaI, NdeII, NciI, Sau96A, Tru9 and ScrFI) as described previously [27] . The restriction pro¢les were compared with those of the type strain of P. corrugata and other related species of Pseudomonas [27] .
Data analysis
Data were analyzed by Pearson's chi-squared tests to detect repetition or treatment e¡ects. Computations were performed with the StatXact software optimized for small sample statistics [28] . Chi-squared probabilities were estimated with the general Monte Carlo algorithm and computed as often as possible with the exact algorithm working only for small samples. In all cases, Monte Carlo estimates agreed closely with available exact probabilities. Preliminary tests on raw data showed no correlation between repetitions or treatments, while all-or-none analyses (focusing on presence or absence of genotypes) showed that all data were strongly correlated. Di¡erences between these two analyses were due to the very high counts of some genotypes. For subsequent tests, counts were corrected with the transform nP = int(log 2 (n+1)), where n is the experimental count, nP the transformed count, int the integer function and log 2 the base 2 logarithm. The log 2 (n+1) transform keeps the low counts zero and one unchanged and attenuates higher counts. The integer function yields integers that can be interpreted as corrected counts and analyzed by chi-squared tests.
Results
Strain isolation
Counting of P. corrugata (identi¢cation con¢rmed by ARDRA) in bulk soil, on the wheat rhizoplane and on the Arabidopsis thaliana rhizoplane indicated 1.3 þ 0.6U10 3 colony forming units (cfu) g 31 dry mass (dm) of bulk soil, 4 þ 1U10 5 cfu g 31 wheat root dm and 2.2 þ 2U10 5 cfu g 31 A. thaliana root dm.
In the bulk soil of Grignon, in either treatment (A or C), the size of the P. corrugata population was estimated at about 10 3 cfu g 31 soil dm, i.e. less than 0.1% of the total culturable micro£ora plate counts (TSA medium). Isolation of a large number of P. corrugata strains from this soil was impossible without a selective medium. We therefore developed an immunotrapping assay for strain isolation. ACP-ELISA assays showed a cross-reaction between P. corrugata and some related species of Pseudomonas and antibodies raised against P. brassicacearum CFBP 11702 strain (isolated from roots of Brassica napus growing in a di¡erent soil) ( Table 1) . P. corrugata seems to share some surface antigens with the newly described species P. brassicacearum [19] .
In addition to this immunotrapping of Pseudomonas strains, the use of a semi-selective medium (RCS) allowed the isolation of 291 Pseudomonas strains (191 and 100 strains from treatments A and C, respectively).
Genetic diversity
The ¢ngerprinting analysis of the 291 isolates by ERIC-PCR generated 55 di¡erent pro¢les considered as 55 ERIC The ELISA reaction of exponential phase bacteria (10 6 cells per well) was determined for a dilution of the antiserum of 1:1000. Optical densities were measured at 405 nm. Data are means of triplicates þ S.D.s. genotypes. A subset of 41 pro¢les representing P. corrugata (see below) is shown in Fig. 1 . We scored 5^15 bands for each strain with molecular sizes ranging from 150 to 1700 bp. Bands common to di¡erent pro¢les were observed.
Taxonomic identi¢cation
Within each of the 55 ERIC genotypes, the ampli¢ed rrs gene of one randomly chosen strain was mapped using two restriction enzymes (AluI and TaqI). Consistent with previous data [27] , we found that AluI was one of the most discriminant restriction enzymes and TaqI discriminated between P. corrugata, P. brassicacearum and Pseudomonas thivervalensis [19] . To check the taxonomic homogeneity of each of the 55 ERIC genotypes, the ampli¢ed rrs products showing the same restriction map with AluI and TaqI were pooled ¢ve by ¢ve in each ERIC genotype and digested with the other 10 restriction endonucleases. Previous data showed that if only one rrs gene was di¡erent from the four others, it could be detected. The ARDRA pro¢les of 41 ERIC genotypes representing 236 strains were similar to that of the type strain of P. corrugata (ATCC 29736 T ) (Fig. 2) . Restriction enzymes other than AluI and TaqI, such as DdeI, HaeIII, HinfI and RsaI, can also be used to discriminate P. corrugata species from closely related species ( Table 2) .
Beside these 236 strains grouped in P. corrugata, 55 isolates were excluded from the intraspeci¢c diversity analysis on the basis of ARDRA data: 44 isolates (respectively seven and 37 in treatments A and C) showed the same pro¢le as P. brassicacearum and P. thivervalensis [19] , when TaqI enzyme was used, while 11 other strains showed the same restriction pro¢les as P. £uorescens type strain ATCC 13525 T (biovar (bv.) A) with the 12 restriction enzymes (Table 3 ).
Population genotypic structures
Only strains from ERIC genotypes showing strictly the same ARDRA pro¢le as the type strain of P. corrugata were submitted to intraspeci¢c diversity analysis: 177 strains from site A (maize/wheat crop rotation) and 59 strains from site C (wheat monoculture). Twenty biodiversity indices described by Kosman [29] and Magurran [30] have been computed with data displayed in Table 4 . Most of them indicate that treatment A is more heterogeneous than treatment C. In general, experiments AIII, CI, CII and CIII had similar indices while experiments AI and AII had the minimum and maximum indices, respectively (as shown by the richness and the Shannon-Wiener biodiversity index in Table 4 ). This is mostly due to di¡erences in sample sizes as revealed by relative indices such as thè Shannon-Wiener evenness' which have similar values. The same conclusions hold for the original data and for the transformed ones, proving there is no signi¢cant transformation e¡ect on biodiversity. A rarefaction analysis [31] was performed to determine how e¡ectively the sampling described the genetic diversity of P. corrugata in this bulk soil. On Fig. 3 , the cumulative number of genotypes was plotted versus isolates numbered in the experimental order. In soil A, the cumulative curve displayed an asymptotic trend, suggesting that most of the diversity was covered. Although the number of isolates from soil C was only one third of that from soil A, a similar asymptotic trend was observed in the ¢rst part of the curve (Fig. 3) .
With the int(log 2 (n+1)) transformation (cf. Section 2), the three repetitions AI, AII and AIII were homogeneous (probability of homogeneity P = 0.17), as were also the three repetitions CI, CII and CIII (P = 0.24). The six populations AI, AII, AIII, CI, CII and CIII were not homogeneous (P = 0.006). The pooled populations A (AI+AII+AIII) and C (CI+CII+CIII) were signi¢cantly di¡erent (P = 0.003). These ¢ndings apply at the classical 1, 5 and 10% probability thresholds.
For detailed studies of ERIC genotype frequencies, computations were performed with raw data and trans- Fig. 2 . Electrophoresis patterns generated after an ARDRA analysis of CFBP 2431 T strain with 12 restriction enzymes, lanes from 1 to 12 correspond respectively to the following enzymes: AluI, CfoI, DdeI, HaeIII, HinfI, TaqI, RsaI, NciI, Sau96A, NdeII, Tru9 and ScrFI. Lane L, VIII molecular mass ladder (Boehringer). Table 3 Identi¢cation of immunotrapped isolates, on the basis of ARDRA with 12 restriction enzymes, and their distribution in bulk soil samples: AI, AII, AIII samples from three plots under crop rotation (soil A); CI, CII, CIII samples from three plots under wheat monoculture (soil C) formed data (in parentheses). The most frequent ERIC genotype common to both treatments was P8, representing 14% (7%) and 22% (12%) of total isolates in treatments A and C, respectively. This ERIC genotype was present in all six plots ( Table 4 ). The common ERIC genotypes in treatment A and C (P4, P9, P8, P5 and P2) accounted respectively for 40% (23%) and 58% (42%) of total isolates (Table 4 ). Some ERIC genotypes such as P24 and P26 were present only in treatment A (7^8% of total isolates). In contrast, the ERIC genotype P18 was absent in soil A and represented 10% (8%) of total isolates in soil C. Splitting the data into two di¡erent populations A and C was suggested by the experimental protocol. As a check, we used a blind test on all possible distributions of the original data into two groups of three samples (referred to as triplets). We studied the 20 combinations of triplets among the six samples in Table 4 , yielding 10 independent Table 4 Distribution and data analysis of ERIC genotypes in each plot of soils A and C
rep-genotype
Crop rotation (A) Wheat monoculture (C)  A  C   AI  AII  AIII  CI  CII  CIII   P26  0  3  12  0  0  0  15  0  P 2 6  Total  27  78  72  15  25  19  177  59  Richness  3  22  14  7  10  7  27  18  Rarefaction  3 distributions. There were only two distributions where both triplets were signi¢cantly homogeneous (even at the lowest threshold P = 0.01). In one distribution (the experimental one), the two pooled triplets were signi¢cantly di¡erent (P = 0.003, see above). In the second one, the pooled triplets were homogeneous (P = 0.15), proving that only the experimental distribution can be considered as a true partition of the original data into two independent triplets. Our blind test introduces no speci¢c hypothesis on data distribution and supports a signi¢cant di¡erence between treatments A and C.
Discussion
To determine the e¡ect of crop management (wheat/ maize rotation vs. continuous wheat cropping) on the genetic diversity of P. corrugata, one approach would have been to isolate the bacterial strains from the rhizosphere of wheat and maize. This is easier than isolating them from the bulk soil, because they are strongly stimulated in crop rhizospheres (up to 10 7 cfu g 31 wheat root dm). However, because our objective was to evaluate the pool of diversity in bulk soil,`plant-trapping' was ruled out. In a study of the diversity of R. leguminosarum bv. viciae, the association of a semi-selective medium and colony hybridization was successfully used to isolate strains directly in bulk soil without plant-trapping [32, 33] . To overcome the di¤culty of isolating a bacterial population representing less than 1% of the total culturable micro£ora, we developed an immunotrapping assay coupled with the use of a semiselective medium. Using the immunotrapping and semi-selective medium, we isolated a large number of strains, especially from soil A. In soil C, the P. corrugata species was less abundant than in soil A (respectively, 59 and 93% of total immunotrapped Pseudomonas). The association of immunotrapping with a semi-selective medium can be recommended as an e¤cient method for the isolation of P. corrugata strains. The use of the ARDRA method for species identi¢cation has been advocated by several authors [27,34^37] as a rapid and accurate method avoiding DNA:DNA hybridization or rrs gene sequencing, which are cumbersome in such populational approaches to genetic diversity. The use of ARDRA after ERIC-PCR grouping was conclusive and time-saving.
There was no systematic e¡ect of crop management on the two components of biodiversity: richness and evenness. For evenness, this was con¢rmed by the cumulative curves of the genotypes identi¢ed in soils A and C (Fig. 3) , which were identical in their common part.
Using data transformation, we demonstrated that the genetic structures of P. corrugata populations were signi¢cantly di¡erent in the two treatments. Looking at the in-traspeci¢c diversity, about 44% of isolates from soil A and C were characterized by common ERIC genotypes. As the bacterial sampling was three times higher in soil A than in soil C, no conclusion could be drawn about the genotypes absent from soil C. However, one ERIC genotype (P18) representing 10% in soil C, and absent in soil A, may be considered as a bacterial indicator of soil C. Continuous wheat cropping had increased the occurrence of this P. corrugata ERIC genotype, which may have some a¤nity with wheat root habitat or may be sensitive to certain chemicals used in maize cultivation, as it has been re- ported that pesticides and herbicides can decrease microbial respiration, biomass [38] and diversity [39] .
